In the framework of the "SEISIMPACT-THES" project Savvaidis et al., 2004) a GIS database has been designed to include information on a wide range of components related to seismic risk within the broader area of the prefecture of Thessaloniki. One of these components refers to the distribution of strong ground motion produced by large earthquakes and the ability of a potential future user of the database to retrieve information regarding the distribution of strong ground motion from past destructive earthquakes in the area of Thessaloniki, as well as relative information for realistic future scenario earthquakes in the same area.
ABSTRACT
In the framework of the "SEISIMPACT-THES" project Savvaidis et al., 2004) a GIS database has been designed to include information on a wide range of components related to seismic risk within the broader area of the prefecture of Thessaloniki. One of these components refers to the distribution of strong ground motion produced by large earthquakes and the ability of a potential future user of the database to retrieve information regarding the distribution of strong ground motion from past destructive earthquakes in the area of Thessaloniki, as well as relative information for realistic future scenario earthquakes in the same area.
The selection of future scenario earthquakes that may affect this urban region of interest is based on a combined review of historical data, previous probabilistic and deterministic hazard assessments, seismotectonic and microseismicity studies, relocated seismicity in northern Greece and the experience gained from worldwide research. In this study we present the results from hypothetical rupture of one fault that is located at the suburbs of the city, the Asvestochori fault. Empirical relations applicable to Greece (Papazachos & Papazachou 2003) , as well as seismicity information are combined to determine the dimensions of the scenario earthquake source. Strong ground motion for the selected scenario is simulated using the stochastic method for finite faults (Beresnev and Atkinson, 1997) . Uncertainties due to unknown parameters such as the rupture initiation point and the distribution of slip on the fault plane are taken into account by examining a large number of random scenarios. The average values from these multiple scenarios are then used to compile maps of strong ground motion parameters (e.g. peak ground acceleration and spectral acceleration). Although the examined scenario earthquake is moderate in size (Mw 5.2), the level of the resulting strong ground motion parameters is indicative of the potential destructiveness of the examined source. Due to the simplicity in the underlying assumptions of the stochastic method, the results of this study are a first-order approximation to the problem of defining expected shaking in the wider area of Thessaloniki. Other strong motion simulation methods of more deterministic character will also be applied for the same purpose in the framework of the SEISIMPACT-THES project.
INTRODUCTION
Earthquake scenarios describe the expected ground motions and effects of specific hypothetical earthquakes. To simulate a hypothetical earthquake, one needs to make assumptions on the location and the size of the event, although this does not mean that the specific earthquake will indeed occur. Nevertheless, simulations of scenario earthquakes enhance our present knowledge of the potential destructiveness of specific seismic sources and can, therefore, be used for earthquake disaster planning and preparedness purposes.
Contributing to planning and coordination of emergency response to a large earthquake close to urban areas is one of the main targets of the "SEISIMPACT-THES" Project (http://www.seisimpact.gr). This project aims to the development of an advanced Geographic Information System, which will include topographic, geological, seismological and geophysical data, as well as detailed information about damage caused from previous large earthquakes in the area of interest. Furthermore, this system will provide synthetic strong ground motion parameter maps for hypothetical earthquakes.
The SEISIMPACT-THES information system is being designed with an open architecture, so that it will be usable in any area for which sufficient data exist. Nevertheless, its initial form will contain information on the area belonging to the Prefecture of Thessaloniki.
In the frame of this project, we present some first simulation results for an earthquake scenario in the proximity of the city of Thessaloniki. This hypothetical earthquake is related to the Asvestochori fault, which is believed to dip underneath the city (Papazachos et al. 2000) .
METHOD
The method used to assess the expected strong ground motion from scenario earthquakes close to the city of Thessaloniki is the stochastic method for finite sources, which is based on the idea that high-frequency motions can be considered random (Hanks 1979 , McGuire & Hanks 1980 , Hanks & McGuire 1981 . Boore (1983) was the first who applied this idea to simulate strong ground motions from point sources and few years later Beresnev & Atkinson (1997) extended the original method to encompass effects from finite sources. The method of Beresnev & Atkinson (1997) involves discretization of the fault plane of the simulated earthquake into smaller subfaults, each of which is assigned an ω 2 spectrum. Contributions from all subfaults are empirically attenuated to the observation site and appropriately summed to produce the synthetic accelerogram. For a detailed description of the stochastic method, the reader is referred to Boore (2003) and to references therein.
All simulations presented in this study are performed using the finite-fault simulation code FIN-SIM (Beresnev & Atkinson, 1998) . The applicability of the code to ground motion predictions has been tested and verified by numerous researchers and in various seismotectonic environments (e.g. Hartzell et al. 1999 , Castro et al. 2001 , Beresnev & Atkinson 2002 , Roumelioti & Kiratzi 2002 , Singh et al. 2003 . This code and the stochastic method in general, have been previously applied in Greece to simulate strong ground motions from past strong earthquakes (Papastamatiou et al. 1993 , Margaris & Papazachos 1994 , Margaris & Hatzidimitirou 1997 , Margaris & Boore 1998 , Roumelioti et al. 2003 , Benetatos & Kiratzi 2004 ).
SEISMOTECTONIC SETTING
Thessaloniki lies in the northern part of the Aegean Sea region, where seismotectonics are controlled by the N-S extension of the back-arc area and the dextral strike-slip motions transferred from the east along western termination of the North Anatolian Fault Zone (NAFZ) into the Aegean (Kiratzi 2002) . Inherited structures that dominate the broader area are thrust, reverse and strike-slip faults of the Alpide deformation, whereas normal and oblique-slip faults have also been formed or reactivated by the post-orogenic extension. These latter structures are of different orientations, which vary from NNE-SSW to E-W, although the predominant orientation is NW-SE. The E-W trending structures are few and rather small, but presently active as they are oriented perpendicular to the active stress regime.
The broader area of northern Greece is characterized by intense seismic activity, which is basically concentrated along the Serbomacedonian geological zone, to the east of the city of Thessaloniki. This zone consists a permanent threat to the Prefecture of Thessaloniki, although more distant large earthquakes e.g. from the area of Kresna in Bulgaria have also been proven damaging. In figure 1, we show the epicenters of known historical and recent earthquakes (Papazachos & Papazachou 2003) that have affected the built environment of the city of Thessaloniki. Of particular interest is the earthquake of 1759, which according to historical macroseismic information (Papazachos & Papazachou 2003 and references therein) ruined the largest part of the city and caused the death of many people. This earthquake is not clearly related to any of the known fault structures around Thessaloniki, although the extent of the caused damage implies that its epicenter was very close to the city. 
APPLICATION OF THE STOCHASTIC METHOD

Simulation Parameters
In the methodology of Beresnev & Atkinson (1997 modeling of the finite source requires information on the orientation and the dimensions of the fault plane, as well as information on the dimensions of the subfaults and the location of the hypocenter.
The orientation and the dimension of the fault model were chosen based on the spatial distribution of the foci of the 1999 Asvestochori sequence (Papazachos et al. 2000) , as well as on geological information (Tranos et al. 2003) and empirical scaling relations applicable to Greece (Papazachos & Papazachou 2003) .
The discretization of the fault was done using the empirical relation (Beresnev & Atkinson 1999) :
(1) where ∆l is the subfault dimension and M the simulated earthquake magnitude.
Another important input parameter of the employed methodology is the "stress parameter" ∆σ. Since ∆σ is known with very large uncertainties for past events and even larger for future ones, we decided to keep its value fixed at 50 bars (Kanamori and Anderson, 1975) , following the suggestion of the writers of the simulation code used (Beresnev and Atkinson, 1997) . After all, a fixed value of this parameter primarily affects the number of elementary sources that need to be summed in order to conserve the seismic moment of the target event and not the radiation amplitudes (Beresnev and Atkinson, 1997) .
The propagation model includes parameters for the geometric spreading, the anelastic attenuation and the near-surface attenuation, as well as site amplification factors.
For the geometric attenuation we applied a geometric spreading operator of 1/R, while the anelastic attenuation was represented by a mean frequency−dependent quality factor for Aegean and the surrounding area, Q(f) = 100 f 0.8 (P. Hatzidimitriou, personal communication). The effect of the near−surface attenuation was also taken into account by diminishing the simulated spectra by the factor exp(−πfκ) (Anderson and Hough, 1984) . The kappa operator was given the values 0.035, 0.044 and 0.066 for site classes B, C and D, respectively (Margaris & Boore 1998 , Klimis et al. 1999 .
The material properties are described by density, ρ, and shear -wave velocity, β, which were given the values 2.72 gr/cm 3 and 3.4 Km/sec, respectively. There are three more parameters that we cannot "a priori" determine for an earthquake and these are: the location of the rupture initiation point, the distribution of slip on the fault plane and a parameter called sfact (Beresnev & Atkinson 1997 , which controls the amplitudes of the radiation at frequencies higher than the corner frequency of the subfaults and has been linked to the maximum velocity of slip on the fault (Beresnev and Atkinson, 1997) . Regarding the last parameter, Beresnev & Atkinson (2001) suggested an average value of 1.5±0.3 based on a large number of simulated earthquakes. We examined values within the entire range from 1.2 to 1.8, using a step of 0.1 (7 values in total). Furthermore, we tested all possible rupture initiation points by successively moving the initiation point to a different subfault of the fault model (25 locations in total, i.e. equal to the number of subfaults) and performed simulation for 30 random slip distribution models. In total, for each observation point we computed 7×25×30=5,250 synthetic accelerograms and response spectra.
A summary of the simulation parameters is presented in table 1. 
Results
Synthetic acceleration time histories were computed at grid points covering the area (latitude/longitude): 40.575ºN/22.725ºE up to 40.775ºN/23.075ºE, using a grid spacing of 0.025º and assuming hard rock surface conditions throughout the examined area. The 5,250 synthetic waveforms computed for each grid point were then used to estimate the average peak ground acceleration (PGA) and average peak spectral acceleration (PSA) at each point and the resulting values were used to compile the corresponding strong ground motion parameters maps.
The PGA map for the scenario Mw=5.2 earthquake on the Asvestochori fault is shown in figure  2 . The map is contoured in units of cm/sec 2 , using a contour interval of 50 cm/sec 2 . PGA values within the city of Thessaloniki range from 150 up to more than 300 cm/sec 2 and maximum values are observed, as expected, within the projection of the fault plane. Response spectra portray the response of a damped, single-degree-of-freedom oscillator to the input ground motions. In figures 3 and 4, we present response spectra maps for the examined earthquake scenario at two reference periods: 0.2 and 0.65 sec, respectively. These period values were chosen because they are close to the average resonance periods of typical building constructions in the city of Thessaloniki (0.2 sec for low buildings and 0.65 sec for 6 to 9 storey buildings). For each grid point, the value used is the peak horizontal value of 5% critically damped pseudoacceleration. PSA values within the city of Thessaloniki range from 0.3 to more than 0.6 g at 0.2 sec and from 0.08 to more than 0.14 g at 0.65 sec. The predicted values within the city are in satisfactory agreement, especially at lower periods, with those determined from empirical attenuation relations (Theodulidis, 1991) which lie within 0.3 to 0.6 g at 0.2 sec and 0.05 to 0.1g at 0.65 sec.
We also indicatively computed average response spectra at a specific site within the city of Thessaloniki (triangle symbol in Figs. 2-4) , for three representative site categories (B, C and D). The site effect was included in the average spectrum through the use of empirical amplification factors previously proposed (Margaris & Boore 1998 , Klimis et al. 1999 . The resulting spectra are presented in figure 5 , where dashed lines correspond to ± 1 standard deviation. Standard deviation curves indicate the uncertainty in the average spectra due to our incapability of defining the slip dis-tribution, the location of the rupture initiation point and the value of parameter sfact for a hypothetical earthquake. In Figure 6 , we indicatively compare two site-specific estimates of average response spectra with corresponding spectra derived from empirical predictive attenuation relations (Theodulidis, 1991) . Response spectra have been computed at two points, one of them located very close to the assumed seismic source (R=1 km) and the other one located at the western suburbs of the city (R=10 km). The agreement between the two independently calculated sets of spectra is very satisfactory, especially in the intermediate period range (0.1 to 1 sec). Outside this range, the stochastically determined average spectrum deviates from the empirical one, although it remains within the ± 1 standard deviation curves. Figure 6 . Comparison between average response spectra calculated using the stochastic method for finite sources (continuous thick lines) and empirically predicted spectra (continuous thin lines), at two points located at distances of 1 km (top) and 10 km (bottom). Dashed curves correspond to the ± 1 standard deviation of the empirical spectra.
CONCLUSIONS
The stochastic method for finite faults was applied to simulate strong ground motion within the area of the Prefecture of Thessaloniki from a scenario earthquake -that is rupture of the Asvestochori fault producing a magnitude Mw 5.2 earthquake. Synthetic acceleration time histories and response spectra were computed for a large number of grid points, covering the broader area of the Prefecture of Thessaloniki. For each point we examined 5,250 rupture scenarios, which included variable slip distribution patterns, rupture initiation points and values of the sfact parameter of the stochastic method. Average PGA and PSA values at each grid point were then used to compile synthetic maps of strong ground motion parameters. By examining multiple scenarios, we were capable to produce smoothed maps and also evaluate a representative uncertainty level of the average PSA spectra, introduced by our incapability of defining certain parameters, such as the rupture initiation point, prior to the occurrence of a future earthquake.
Our results include site-specific synthetic PSA spectra for three representative soil classes (B, C and D), an average PGA map of the examined scenario earthquake at hard rock conditions, as well as average PSA maps at two reference periods (0.2 and 0.65 sec). Although the examined earthquake is of moderate magnitude, the resulting strong ground motions are of considerable amplitude. PGA levels within the city of Thessaloniki span the range 0.15 to 0.35 g, whereas PSA values go up to 0.65 g at the period of 0.2 sec. These levels, which are in very good agreement with those predicted from empirical attenuation relations (Theodulidis, 1991) , are expected to rise even more if coupled with site effects, a factor not taken into account in the present study. Moderate-magnitude earthquakes can often be catastrophic, especially when occurring very close to densely populated areas e.g. urban areas (http://neic.usgs.gov/neis/eq_depot/). Regarding the Asvestochori fault, available geological information favors a rather short length for the entire structure. Therefore, it is not believed that the specific fault is capable of producing earthquakes of magnitude greater than 6.0 (Hatzidimitriou et al. 1990 ). Nevertheless, our scenario magnitude, which is based on the mapped length of the Asvestochori fault and the foci distribution of the recent 1999 earthquake activity, is capable of producing extended damage within the city of Thessaloniki.
The simulations performed in this study are a first-order approximation of the problem of predicting the levels of strong ground motions from future earthquakes within the Prefecture of Thessaloniki. The philosophy of the applied method is to use the simplest representations of all factors contributing to the strong motion spectrum and therefore factors such as detailed velocity models of the area or 2D and 3D site effects cannot be taken into account. The application of other strong motion simulation methods of more deterministic character and the comparison of the results of independent methodologies is one of the future targets of the SEISIMPACT-THES project.
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